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SUMMARY

The analyses conducted under Project Cowboy by Texas Instru-
ments, was performed on eight chemical detonations. These shots consisted
of 200-, 500-, and 1000-pound decoupled shots in a 30-ft. spherical cavity,
An additional decoupled 1000-pound shot was detonated in a 12-ft, spheri-
cal cavity. Tamped shots had yields of 200, 500, and two 1000 pounds.
Analyses from the data recorded indicated the 'following results,

1. The predomindnt energy of the decoupled signals is con-
centrated in the first few'arrivals whereas the tamped
signals are characterized by many arrivals of rather
constant amplitude.

»

2, The 500- and 1000-pound tamped and decoupled shots
° revealed that the tamped shots transmitted a greater
quantity of low frequency energy than the decoupled

shots,

3. The total seismic energy is partitioned differently
between the various modes of propagation for tamped
and-decoupled shots and is a function of the size of the
explosive and cavity.

"a The effect of decouplmg can be thought of as a linear
- -filtering of the tamped signal response. *

m
wn

Amplitude density ratios computed frorh spectral ~
JTesponse characteristics indicated that the decoupling
is a function of frequency, shot size, and distance from
the source. s

H o Ope Seismic attenuations are usually frequency aependent there-
fore, the decoupling analysis presented in this report is*based on defining
decoupling as the amplitude density ratio as a function of frequency. ® De-
pending on the time length and area of the seismogram from which the
samples are selected, the ratios of the average ampelitude response can =
describe the detoupling as determined for the first arriving refractions,
body wave segment of the record, or the total seismic signal return. These
ratios are only dependentupon the seismic signal and noise variations.

The analysis included energy density spectra of signals and power density
spectra of the noise samples for the 500- and 1000-pound decoupled and
tamped events. Time samples were analyzed, e.g., .256-second samples
of the first arrivals and 2, 048-second samples of noise and signal. Sur-
face wave energy is not included in the analysis.

»
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Seventeen shots were detonated by the A.E.C,, under Project
,Cowboy, in an effort to establish the decoupling capabilities of cavity sou¥rce
‘environments for nuclear detonations. Texas Instruments participation in
Project Cowboy was to detetmine the characteristics, and analyze the data
obtained, of decoupled shots, seismometer coupling, environment, and
travel opa.ths relative to chemical explosions in spherical cavities,

The test shots were conducted in early 1960. Special research
equipment’ built with company funds for use in seismic research was used
in the analysis and reduction.of data gathered. S-41 seismometers having
a frequency of 4 cps were used to monitor the eight shots,
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SECTION I
INTRODUCTION

9

The degree to which the seismic waves from an underground
nuclear ‘explosion can be attenuated by detonation in a cavity is of vital
importance in evaluating the capabilities of a world wide nuclear survei-
llance program. In this regard a test series of chemical explosions was
undertaken by the A, E. C. called Project Cowboy. In this test series,
chemical explosions of similar sizes were detonated in spherical cavities
washed out in the salt formation and in grouted bore holes, Seventeen
shots were detonated in an effort to establish, by extrapolation from these
scaled experiments, the decoupling capabilities of cavity source environ-
ments for nuclear detonations.

°

Many reports have been written by the participants in Project
Cowboy concerning various aspects of the tests covering logistics, geologic
studies, near source effects, and seismic effects as recorded at the surface
at distances from several hundred feet to 60 miles. This report attempts
to avoid duplication, having drawn on the information of the previous reports,
and due to the nature of the analysis, presents information which is unique
and will further the knowledge of the decoupling capabilities of cavity en-
vironments as recorded in a practical field situation. The data and analysis
presented was recorded and analyzed with special research equipment built
with company funds for use in seismic researth. '
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‘ SECTION II

DATA COLLECTION

Texas Instruments recorded shots 6 through'l3(four tests, two
shots each) held one week apart with special research equipment previously
designed for recording seismic information. These tests began on 30 January
1960 and terminated on 20 February 1960 corresponding to tests, 6, 7, 8,

9, 10, 11, 12 and 13 as indicated in the reports of Adams and Allen! and

others. The seismometers were laid along a line as shown on the map in
Figure 1 with the source to seismometer separations given in Table I. The
seismometer-locations were fixed throughout the tests with Stat1on 5A corre-~
sponding to Station 5 of the earlier reports (Adams and Allen ) The differences
in separations are due only to shot location changes. The time laps from de-
coupled to tamped shots was one hour and the seismometers were left in place

. during the interim; therefore, the transfer characteristics of the seismometer,

and seismometer environments can be assumed equivalent for any of the re-
corded shot pairs,

The data and analysis presented was carrizd out on the response
from the six _S-41.veltocity sensitive seismometers at stations 54, 5B, 5C,
5D, 5E and 5F. These seismometers have a 4- cps natural frequency and
response characteristics similar to that-shown in Figure 2. The recordlng .
system passed a frequengy band from Dt to-250 cps and preserved a 66-db
dynantic range on.magnetlic tape re cordlngs used in the analysis of the data.
The field records are shown in Figures 3, 4, 5, and 6 for the S- 41 seismometer
responses fof the eight shcts monitored. These ﬁgures show the Z80-pound .
tamped and, decoupled shots, the 500-pound tampedeand de coupled shots, the .
1000-pound tarnpecf and decoupled (30 ft. sphere) shots, and the 1000-pound =
tamped and decoupled ( 12 ft. .sphere) shots, respectively. =

L4 L]
. ¢ A general analysis of this data is presented in Appendix B.
i * . . s
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Station 5A, S56°W, 22,100 feet
from location of Shot Number 6

‘O STATION 5F

Magnetic
N North

I_a
73

b

O STATION 5A

@/\
o /

|//
\\h -(-:r-

(&) O STATION 58

0

%]

)<_/ / .
o A

O STATION 5C
2=

. R
i . B =
z|=2 .

. I~
o | . '
=22
jo] e I
=l f
(GRS °
ol
nlwm

Fig.

1

Seismometer Spread 5

)




0%¥ ;G2

Lyl g2

619 ‘G2

GL6°G2

196 ‘s2

GL6°92

. 0L¥ ‘gz

GL6°SZ

IS '1™S @G YIRS S ‘IS

S¥L ‘2

1€0°Se

¥26 ‘%2

6L2 ‘g2

998 ‘¥2

6L2 ‘92

YLLPT

6L2 ‘52

161 ‘%2

9e¥ ‘¥2

62¢€ ‘%2

€89 ‘2

0LZ ‘%2

€89 ‘¥2

6LT ‘B2

€89 ‘%2

9L 22

Ly0 ‘€2

Iv6 ‘22

262 °¢€?

088 ‘22

262 °¢€e

06L°22

262 °¢ce

D6 *1®l8

g

#

891 ‘22

€5¥% ‘22

9¥e ‘22

969 ‘22

68222

969 ‘22

66T ‘22

969 ‘22

g "1®IS Vg ‘jEs

uonleiedog I9]9WOWSIYG 0} 9DINOG

PLY 12

G

898 ‘12

2SL 13

001+22

069 ‘12

001 ‘22

009 ‘(2

001 “22

R

o

193] UI SEOURISI | s
spunod ut 8z1s joyg

padurey,
"

sxayds *17 71
pajdnooagg

padure=],

axayds *11 gf
padnooagg

padure]
azayds "1 pg¢
pardnoas(g

padure

axsyds °37 Q¢
padnosa(.

"

ioyg jo
adA T,

L]

® LB

NOILVYVJIS HILAWOWSIFES OL IDUNO0S
IFTIIVL

0001

0081

@

000t

0001

Q0§

009

00¢

002

v 2z1g
104S

W

R

4

€l

Z1

It

0T

Toqump
1o4s

| —




§213S1I2)0BIRYD) I91IWOWSIAG [§~-5

z ‘fg
ﬂ sda utr Aotenleag TJutozog
001 0s ot . 5 i I
L 1 1 I I I I 1 9
[ ’ : .
|
7

| |
Nel A
55uodsay aatjeioy *

|
0

®




i T

A e e
|I |

i TN
1[I
i |
. .
| II

0 ey STA. 5C

200 POUND DECOUPLED
30 FT. SPHERE L
SHOT #6

S-41,SEISMOMETER

200 POUND TAMPED -

-

& , SHOT #7

L]

STA. 5D M

1 @ = =




WA PN

J

% Bilge 3

| S-41 Seismometer Responsgs for 200 poxind

Tamped and Decoupled Shots *




500 POUND DECOUPLED
30 FT. SPHERE
SHOT #8

S-41 SEISMOMETER

500 POUND TAMPED

' SHOT #9

STA.

STA.

STA.

STA.

STA.,

STA.

STA.

rrrrrrl'rr ULt LALN RARREABAR!
S5A B = aan e o
1

5B '\J«,ﬁ

5C [V

SE A

55 AN

5.
!

=
=

A A
SA Mt : ] |
(A A |
| | | ! .i
§ | bl |
1 i
| ! | II | |
it (1 1 M A O
Al LB AL Q
T AT
il .‘.LI‘..-LIL'.HM. M
S
(I (| ' (TSI I
. HHTTT S ‘ !
LU I |l |.| 1l |:iu ...J..|.|.I| ,_.,|l




| |
|
' | [ | |
| | | | [ | | |:' | : |
[ ' | : | | LI i
| | | | | | |
I 1 | i 1 1 i
|'|| (| | (1| I :I | | il I /UK I Jl
I ' | LA | I ' | - i , |
1 "1| Il‘ | | | | | | | : | | ' 4 | | . 11 , [ |! | . N | .
| | [ T | it i (1111 | | | U (M| ] | L
| | I (111 | l' Hil | It | | |
| | | | 11 | T s
Ll -'Jl-lli-l 3 FRRR PRFRE AT nl]u-- Ll I REEEE BTRAR N Lil n.].ll LU UL i_u.llu.__l: :I |. LU L L L L | ..}llll AL
| Fig., 4. : 0
S-41 Seismomete-r‘Responses for 500 pound
Tamped and Decoupled Shots i 9




STA. 5A

SSSSSS

SSSSSSS

SSSSSSS

SSSSSSS

SSSSS

STAe

SSSSSSS

SSSSSS

—

—N

— —

—

- =
= - — A=

——

j——

|—

—

l

‘P

' 'l

i n:u it |’||111 i
TS l |

N
v "ﬁ‘-’-‘“ﬂﬁﬂ'ﬂ!ﬁ"ﬂ« i

I
il
J

—

o
R

 — s R—
—

=

D S e ————..




e e
| | | I
,' ! st | |
(i | |
| sl N
AV AT e M Al
| -I -I | 'I| \/ :| | | | |
!. |I' | I[. : (| ::I | . I' |
| !g!!l i-:::;gl" ! 1
[ !. (| | ll | il ﬂ | | (11wl (| i l | | \ ! l
i L MU TR | _ ||
H'ht il diM i nulllti;tlll et s MR l\ T
g AT T 1 l I |
{l | I I|'| 1 { |
Ii Wl | I I ! h
Il itll | | | |
| | il | | | | U | .
| | I: | |
I \ I I | :
1: | 11| 1 | I
. | (Y AL | ‘ 1 , | | | |.
g H‘ L i
T ;!;|i|:j;1;'|.-'|.!_|i.1 QUL ,.--.,"Ill. LT " WA

S-41 Seismometer Responses for 1000 pound
Tamped and Decoupled Shots (30 ft. sphere)

-

B, 5

»

10



-»gTA';AH|| |H|‘HM "N“ NWWH }1 'MVl
e MM N \H\HH h
- o H\ i HNH M\N U

' e
| : I\
SMOMETER -
STA. 5A
SPA. 5B | |
- STA. 5C [l
MPED ‘ ‘
STA. 5E N
Hi | |
? . Ik L] |
@ | e = T -||_-i|||-|| . | .. I
® o,

» e B

\ ‘"N A |‘|"“ “II
HHHI i \huﬂ il a| u\

MW RN uII M Mm

“IH MJ‘ ” e Ill\l“ WM

i

iR
AL

|
M
iy i

‘MI{I I ||n‘ it ||‘
. ||H

“ ”
H \ m {|

= i
M I

: " (ki M W







o

L

(1)

@

® ° ®

SECTION III
DATA ANALYSIS

» r ~
’X
e °

A. DECOUPLING
®

The main purpose of Project Cowboy was to determine ‘the
attenuating capabilities of a cavity source environment for chemical ex-
plosives in an effort to obtdin data which could be scaled to underground
nuclear tests. The theory upon which the experiment was based has been
presented by Latter, et al3, Briefly, the theory states that the energy
from an explosion which is propagated as seismic energy depends on the
volume contained within the surface marking the transition from non-elastic
to elastic wave propagation. In the case of a tamped shot in a homogeneous
medium this boundary depends only on the type and size of the charge, the
characteristics of the medium, and the depth of the shot. For a cavity
source environment this volume will be greatly reduced and hence there
will be less energy radiated as seismic waves, If the sphere is large
enough for the critical pressure to have been obtained within the cavity the.
theory also predicts the amount of attenuation expected.
r : Definition of the decouplingras it is seen by surface seismo-,
meters in a typical field situation depends on the type of data available
and for what use tlre information is béing evaluated. First, the earth is
not a homogeneous half spate, nor does the earth function as a simple
filter in a noiseless situation. Secondly, a ratio of peak amplitudes may
be sufficient in some instanges; while in others the knowledge that decoupling
in one frequericy band for a particular portion of the record is gquite low will -
supersede the knowledge that the ratio of total energy response is quite high.
Thus, there is a need for several well defined ratios to adequately represent
decoupling as determined from surface seismic recordings.

EY %

To describe the differences in signal response from a tamped
aand decoupled shot of similar charge size, a ratio of afmplitudes is required,
preferably as a functioh of fresquency.-; Since amplitudes are what is seen.on
a seismic record it is more natural for a decoupling factor to be described *
as a ratio of amplitudes rather than a ratio of energies.

@

The most simpleiraftio is that of peak particle velocities as
recorded by,seismometers for a given shot pair. As this factor will not -
depend on frequency, nor on energy present over a time period of one or
several cycles, nor on any other changes in character except amplitude,
it can be related only to the detectability by amplitude comparison when
signal-to-noise ratios are greater than one. The accuracy is quite depen-
dent on the noise level; i.e., it might be a comparison of different phases
and is at best the ratio of signals plus or minus noise. Nevertheless, when

-
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signal-to-noise ratios are large, as was the case with Murphy's measure-
ments near the source,? this ratio of amplitudes is quite meaningful.

. The desire to add frequency as’a parameter follows from the
fact that seismic attenuations aresusually frequency dependent The ma-
jority of the decoupling analysis will therefore depend on def1n1ng decoupling *
as the amplitude density ratio as a function of frequency. The analysis
represents the ratios of the average amplitude response over a specified
length of seismic record in a given frequency band. Depending on the time
length and area of the seismogram from which the samples are selected
these ratios can describe the decoupling as determined for the first arriving
refractions, the body wave segment of the record, or the total seismic sig-
nal return. These ratios are only dependent upon the seismic signal and
noise variations., The transfer characteristics of the seismometer, the
seismometer environment, the recording system, and the earth travel path
can be assumed constant between tamped and decoupled shots. Hence, the
ratio of the amplitude density responses is only dependent on the differences
in amplitude density characteristics of the source signals and the ambient
seismic noise. In this case we peed not limit the analysis to recordings
with high signal-to-noise ratios for it is often possible to campensate for
the noise.

3
£

: B. COMPUTATION OF SIGNAL AND NOISE SPECTRA FOR

DECOUPLING CALCULATIONS 3

E
¥

Signal and noise are’statistically different and in an operation
calling for the subtraction of frequency responses much care must be
taken in order to maintain valid results. The signals as re ‘corded on a
seismogram can be thought of as aperiodic functions havirg a finite dura-
tion and energy. Seismic noise, however, is best modeled by a random
function as it has infinite time duration and energy. The spectral analysis
of the signals and noise follows the interpretation of Y. W. Leef:

1. The appropriate signal Jdr noise section of the datais

L

&

defined as _ - .
-T to +T
X . fl (t) from —————,
2. An autocorrelatian approximating the integral is
L]
T
Lim == [ . £(t)f (t+7) dt
$1 (7) = Lim 57 o
- OO ~-T

for the finite gample time -T to +T.
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.

R 3. The coesine transform of the autocorrelation is

[>o]
1, iwt
. ﬂ L o= g L, 8T e o

The Fourler transform of the autocorrelation of an aperiodic
o function is an energy density spectrum of the time function fl (t). The
Fourier transform of the autocorrelation of a random function is a power
density spectrumrsper 2T unit time of the function f1 (t). Since power is
defined as energy expended over a unit time, itis seen that if the noise
® and signal samples are of the same length or the values normalized to
the sdameclength the two spectra are directly comparable. As a result of
this normalization these power density and energy density estimates can
. be directly related to amplitude density estimates used in calculations of
decoupling by taking the square root of each value. These energy density
spectra are also directly related to ground particle velocities as shown
in Appendix A.

]

2 ®
. ¥ Figures 7 through l4.preser§t smoothed energy density spectra
i of signals and power density spectra of the noise samples for the 500%afid
| 1000-pound decoupled and tamped events 8, 9, 10, and 11 as recorded by
the S-41 seismometers at statlons 5B, 5D, 5E and 5F. In the case of the
| b 500-pound shots, .256- second samples of,the first arrivals have been ana-

lyzed in addition to thg 2.048-second noise and signal samples. On some
of the graphs the noise spectra have Been subtracted from the signal plus
noise values for the decoupled events in ordgx to present an estimate of

noiseless decoupled signal spectra. * D © &
Ld

b * 5
The analysis herein did not include the spectra of samples

longer than the 2.048-seconds presented and hence no surface wave energy

” is included in the analysis. The tampzed shot signal return appears to gon-
tinue for many seconds after-the initial refgaction arrivals whereas the de-
coupled shots do not appear to have generated the sdme ratio of surface .

J wave to body wave energy and the surface wave modes are not apparent

' on the field records. An analysis of the first two seconds of energy return

will therefore not be a tmue total energy spectrum, especially for the tamped

shotss A& the surface waves appear to be predominantly of low frequency

content, this truncation of the signal should only affect the energy density

spectra for frequencies less than 10 cps.

< i

= . DECOUPLING CALCULATIONS 5

P —T
L]

1. Peak Amplitude Comparison
®

The ratio of the peak particle velocities was computed for the
500-pound tamped and decoupled shots as recorded at stations 5A through

® O]
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5F so that these values might be compared to the amplitude density ratios
as a function of frequency.

TABLE II

S5-41 SEISMOMETER RESPONSE DATA FOR STATIONS 5A-5F

Separation Distance Decoupling
Station De coupled Tamped Factor
5A ° 22,100 feet 21, 690 116
5B 22,696 feet 22,285 75.6
5C 23,292 feet 22,880 77
5D 24,683 feet 24,270 105
5E 25,279 feet 24,865 94.5
5F 25,975 feet 25,561 5 95.6

The data presented in Table II, was computed from values which were plotted
in Figures 15 and 16. The 500-pound decoupled and tamped unfiltered.re-
cordings shifted in time to correspond to a correction for a 17,500 foot/sec
apparent velocity. The amplitude scale of the 500-pound decoupled record-
ings are 100 times®less than the scale on the 500-pound tamped records of
Figure 16. Summing the shifted decoupled traces produced the curve shown °©
in Figure 17 and doubled the signal-to-noise ratio of the largest return re-
corded at Station 5B, The composite trace (Figure 17) has a great deal of
noise preceding the first arrival, whereas the signal amplitudes recorded ,

for all tamped shots are much greater than the background noise. ¢
L
L4

Z. Two Second Averages of Amplitude Density Ratios as a _
Function of Frequency

The energy density spectra for the signal and noise samples
presented in Section III, B present estimates of the average energy recorded
during the timne sampled as a function of frequency. The spectral estimates
of the noise are assumed stationary for the few seconds between the analyzed
noise and signal samples. The values obtained for the noise energy density
estimates were then subtracted from the correspondihg signal energy den-
sity spectra which was in reality a spectral response of*signal plus noise.

If the assumption of stationarity is upheld or the values of the noise spec-
tra are relatively small the resulting spectra are estimates of the true
noiseless signal return. No attempt was made to subtract a noise estimate
from the tamped signal estimates as the signal-to-noise amplitude ratios
were of the order of 50 nr more, or when the signal -to-noise amplitude
ratios were of the order of one or less.
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The decoupling computations consisted of dividing the energy
density estimates of the decoupled signal samples, with or without com-
pensation for the noise, into the values of the energy density estimates
of the tamped signal samples and taking the square root of this result to
produce an amplitude density ratio as a function af frequency. Since the
energy density spectra presented drop in magnitaede quite sharply atefre- = 3
quencies above. 40 to 50 cps and below 6 to 40 cps, the bands containing _
90% and 99% of°the energy of the tamped signal response are therefore
indicated, and ratios were not computed outside this region. This was done
in order to neglecs regions where minor variations in the noise would cause
erroneous ratios.

L L ]

The amplitude.density ratios can be represented algebraically,
Ed 7
SpE) - Sp(f)
E ™ FA
- t . L (£f)y)™
(Spc ) + Np () WS th) + Nyl -Npely) - Ny e(f)

. Alf) =

where A(fi) = amplitude density ratio centered at frequency fi'
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sT(fi) = Signal Amplitude Density Spectral Estimate at (fi) for
the Tamped Shot Signal Sample.

(SDC(fi) + NDC(fi)) = Signal plus Noise Amplitude Density
’ Spectral Estimates at (fi) for Decoupled

Shot Signal Sample.

N} (f.) = Noise Amplitude Density Spectral Estimates for Noise
DC'i 1
Preceding Decoupled Event.

( * denotes complex conjugate)

The desired ratio corresponds to
*
S -
oT(fi) ST(fi)

Spctty) Sﬁcuﬁ*

a(f)) =
i

L ]
which, depending on the correctness of the assumptions mentioned above
concerning the stationarity of the noise or values of signal-to-noise ratios,
will be approximated by A(f.).

i
*

q b *
The assumption that the cross terms SDc(fi) aNDC (fi) and

*
Spcfy)” Npce

statistically independent, an assumption that should be valid,

(fi) are negligible assumes that the signal and the noise are .

In the case of the 500-pound decoupled shot recorded at Station
5B the first arriving energy represents a signal which is much higher in
amplitude than the level of the ambient noise. Hence, in an analysis in-
volving the energy density spectra of the first . 256 seconds of the decoupled
and coupled signals very little error will be involved if the expected noise
spectra is not subtracted. The aforementioned analysis is shown in Figure
18. This curve indicates very low values between 20 and 28 cps with an
apparent high value around 16 cps. Referring first to the spectra and then
to the field records this data indicates that not only is the surface wave
response relatively low on the decoupled records but also some of the lower
frequency content of the body wave arrivals are greatly attenuated. THis
may be analogous to the observation on the records for the decoupled shot
12, (the 1000-pound shot in the 12-foot diameter hole)', where several arrivals
are evident which are not present on the other decoupled shot recordg re-~
corded, 6, 8, and 10,

For the 500-pound test shots 8 and 9, as recorded at 5B, an
analysis was also conducted for a 2.048-second Segment of signal and noise.
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In this case noise compensation carried out as,the assumption of sta-
tionarity seemed valid and the sample lengths wwere long enough to attain

a true estimate of the expected noise spectra. The plot of this result is
presented in Figure 19. The general level of decoupling is much greater
than that indicated by the short segment analysis of Figure 18 and sub-~
stantiates the observation that-the predominant energy of the decoupled
signals is concentrated in the first few arrivals,whereas the tamped signals
are characterized by many arrivals of rath<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>